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Branch Migration and Holliday Junction Resolution
Catalyzed by Activities from Mammalian Cells
duplex DNA to form an intermediate structure in which
duplexes are linked by a double crossover (Szostak et
al., 1983; Schwacha and Kleckner, 1995). The nature of
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Clare Hall Laboratories the crossover, or Holliday junction, is now well charac-
terized at both the biological and structural level (LilleyBlanche Lane
South Mimms et al., 1999). One remarkable feature of the Holliday
junction is its ability to move along DNA and so generateHertfordshire EN6 3LD
United Kingdom increasing lengths of heteroduplex, a step that is critical
for recombination.
In prokaryotic organisms, the enzymes that promote
movement of the junction have been isolated and stud-Summary
ied in detail (West, 1997). Although the “branch migra-
tion” process is intrinsically isoenergetic, since DNADuring homologous recombination, DNA strand ex-
change leads to Holliday junction formation. The strands are exchanged by the breakage and reformation
of hydrogen bonds in DNA duplexes, the E. coli RuvABmovement, or branch migration, of this junction along
DNA extends the length of the heteroduplex joint. In proteins promote branch migration in an ATP-depen-
dent reaction (Tsaneva et al., 1992). Unlike spontaneousprokaryotes, branch migration and Holliday junction
resolution are catalyzed by the RuvA and RuvB pro- branch migration (Panyutin and Hsieh, 1993, 1994), this
enzyme-driven reaction is both processive and direc-teins, which form a complex with RuvC resolvase to
form a “resolvasome”. Mammalian cell-free extracts tional, and can bypass mismatched bases, UV-induced
lesions, and regions of heterology (West, 1997). It doeshave now been fractionated to reveal analogous activi-
ties. An ATP-dependent branch migration activity, so because the reaction is driven by two molecular
pumps (hexameric rings of RuvB) that lie oppositelywhich migrates junctions through .2700 bp, cofraction-
ates with the Holliday junction resolvase during sev- oriented across the RuvA-bound Holliday junction. In
addition to their role in the catalysis of branch migration,eral chromatographic steps. Together, the two activi-
ties promote concerted branch migration/resolution the RuvAB proteins cooperate with RuvC protein, a junc-
tion-specific endonuclease, to promote resolution of thereactions similar to those catalyzed by E. coli RuvABC,
highlighting the preservation of this essential pathway Holliday junction. These reactions occur by a coupled
mechanism leading to the separation of recombinantin recombination and DNA repair from prokaryotes to
mammals. products (Mandal et al., 1993; Whitby et al., 1996; Eggle-
ston et al., 1997; Davies and West, 1998; van Gool et
al., 1998, 1999; Zerbib et al., 1998).Introduction
The RuvABC–Holliday junction complex, or resolva-
some, provides the paradigm for studies of similar activi-DNA double-strand breaks (DSBs) arise as a conse-
quence of the effects of ionizing radiation, or from the ties in higher organisms. However, while a mammalian
Holliday junction resolvase activity has been detectedbreakdown of stalled or damaged replication forks.
These breaks can be efficiently repaired by homologous in fractionated cell-free extracts (Elborough and West,
1990; Hyde et al., 1994), efforts to detect and identifyrecombination, a process that uses the sister chromatid
as the template for repair (Liang et al., 1998). DSBs also eukaryotic branch migration activities have not been
forthcoming. Although it has been shown that the prod-occur in meiotic cells, where they are induced as part
of a carefully programmed process that leads to recom- ucts of the Bloom’s (BLM) and Werner’s Syndrome
(WRN) genes can promote the translocation of Hollidaybination between homologous chromosomes (Paques
and Haber, 1999). The efficient repair of DSBs is essen- junctions in vitro (Constantinou et al., 2000; Karow et
al., 2000), mutations in BLM and WRN lead to increasedtial for cell viability, as evidenced by the embryonic lethal
phenotype of the RAD512/2 mouse and the chromosomal recombination frequencies, making it unlikely that these
fragmentation observed in cells containing a repressible proteins promote branch migration during genetic re-
RAD51 transgene (Lim and Hasty, 1996; Tsuzuki et al., combination. Instead, it is thought that BLM and WRN
1996; Sonoda et al., 1998). Moreover, the importance of are involved in the processing of aberrant DNA struc-
homologous recombination in DNA repair and genomic tures at sites of blocked replication forks and the preven-
stability is highlighted by the involvement of the RAD51 tion of deleterious recombination events (Chakraverty
recombinase with BRCA2, a tumor suppressor protein and Hickson, 1999). Efforts to identify likely candidate
implicated in hereditary breast cancer (Sharan et al., genes that encode branch migration proteins by se-
1997; Marmorstein et al., 1998). quence homology to RuvA and RuvB have also been
The mechanism of homologous recombination and unsuccessful.
double-strand break repair (DSBR) involves invasion of In this work, we describe the fractionation of mamma-
the ends of a broken DNA molecule into homologous lian cell-free extracts revealing the presence of a novel
branch migration activity. Most importantly, we find that,
at the early stages of fractionation, the activity is coupled* To whom correspondence should be addressed (e-mail: s.west@
icrf.icnet.uk). to the previously described Holliday junction resolvase
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Figure 1. Fractionation of Mammalian Cell-
Free Extracts to Reveal Branch Migration and
Holliday Junction Resolution Activities
(A) Schematic representation of the synthetic
Holliday junction (X26) and the expected
products of branch migration and resolution.
The junction contains a 26 base pair homolo-
gous core, flanked by heterologous se-
quences (shaded) that block spontaneous
branch migration. Protein-mediated branch
migration gives rise to splayed arm products,
while nucleolytic resolution by the introduc-
tion of symmetrically related nicks at the
crossover produces nicked duplex DNA. The
32P end label (at the 59 terminus of strand 2)
is indicated with an asterisk.
(B) After phosphocellulose and ammonium
sulfate precipitation, cell-free extracts pre-
pared from calf testis tissue were fractionated
on a 1 cm3 butyl sepharose column using a
10 ml gradient (buffer A-1.0AS to A-0AS). The
branch migration/resolution activities eluted at, or close to, A-0AS. Fractions were assayed for branch migration/resolution activities in the
presence of ATP using 59-32P-labeled synthetic Holliday junction X26, as described in Experimental Procedures. 32P-labeled DNA products
were separated by PAGE and detected by autoradiography.
(C) Comparison of the Holliday junction processing activities of the E. coli RuvABC proteins with the mammalian resolvasome. Assays for
branch migration and resolution activities were carried out in the presence (1) or absence (2) of ATP, as described in Experimental Procedures.
activity. These studies provide the first demonstration absence of ATP, only nicked duplex resolution products
were observed (Figure 1C, compare lanes g and h, andof a functional eukaryotic RuvABC homolog.
with RuvABC controls shown in lanes b–f). As expected
from previous studies with the mammalian Holliday junc-Results
tion resolvase (Hyde et al., 1994), which lacks the more
stringent sequence specificity of RuvC (Shah et al.,Detection of Mammalian Activities Related
to the E. coli RuvABC Resolvasome 1994), a variety of nicked duplex products were formed
from the synthetic Holliday junction substrate (seen asSynthetic Holliday junctions (60 base pairs in length,
32P-labeled on strand 2) were used to detect branch a doublet in lanes g and h). These arise from cleavage
at alternative sites within the 26 base pair homologousmigration and resolution activities in cell-free extracts
prepared from calf testis tissue. The substrate, shown core.
The results presented in Figure 1 demonstrate thein Figure 1A, contains a 26 bp homologous core at the
center of the junction that is flanked by terminal regions formation of branch migration products by fractionated
mammalian cell-free extracts. Moreover, they show thatof heterology. As demonstrated previously, ATP-depen-
dent branch migration by RuvAB leads to the formation this ATP-dependent branch migration activity coelutes
from butyl sepharose together with the Holliday junctionof splayed arm DNA products (Figure 1A, and Figure 1C,
lane d), whereas Holliday junction resolution by RuvC resolvase activity. We define this activity as the mamma-
lian “resolvasome.”produces nicked duplex DNA (Figure 1A, and Figure 1C,
lane b). Branch migration and resolution by RuvABC in
the presence of ATP promotes the formation of both Tissue Specificity
To determine whether the branch migration/resolutiontypes of products (Figure 1C, lane f).
Cell-free extracts were prepared from z0.5 kg of calf activities were specific for calf testis tissue or were pres-
ent in all eukaryotic cells and tissue types, we analyzedtestis material. Soluble proteins that bound phosphocel-
lulose were precipitated using ammonium sulfate and extracts from various cell lines and mammalian organs.
In each case, relatively crude extracts were assayedfractionated by butyl sepharose chromatography. Frac-
tions eluting from the column were then assayed for after phosphocellulose adsorption, elution, and ammo-
nium sulfate precipitation. Rabbit spleen, thymus, andHolliday junction processing activities. Remarkably, we
observed that fractions 28–34 catalyzed the formation testis tissues were found to be good sources of resolva-
some activity (Figure 2A, lanes j, l, and n), whereas onlyof splayed arm and nicked duplex DNA products (Figure
1B). The active fractions eluted at the end of a linear low levels of activity were detected from comparable
amounts of protein from liver tissue (lane h). Branchammonium sulfate gradient, indicating that both activi-
ties exhibit strong hydrophobic interactions with butyl migration and resolution activities were also present in
fractions prepared from rodent (CHO) and human (HeLa)sepharose. At this stage, the fractions were quite impure
and contained approximately 1%–5% of total protein. cell lines (Figure 2A, lanes p and r). Interestingly, with
all cell types, we found that resolvase activity was stimu-The branch migration and resolution activities present
in fraction 30 displayed properties similar to E. coli lated by ATP-dependent branch migration. This effect
was particularly obvious with fractions made from rabbitRuvABC: in the presence of ATP, we observed products
typical of branch migration and resolution (splayed arm spleen and human fibroblasts, in which case very little
Holliday junction resolution was observed in the ab-and nicked duplex DNA, respectively), whereas in the
A Mammalian Branch Migration Activity
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Figure 3. Subcellular Compartmentalization of the Resolvase
Fractions obtained from CHO cells (equivalent to 4 mg protein) were
incubated with junction XO (32P-labeled in oligo 6) in the absence
or presence of 1% Triton X-100 as indicated. Resolution products
were analyzed by denaturing PAGE and detected by autoradiog-
raphy.
cific nuclease activities hindered our analyses. It was
therefore necessary to further fractionate each of the
mutant extracts using phenyl sepharose chromatogra-
phy. We found that the XRCC22/2, XRCC32/2, BLM2/2,
Figure 2. Branch Migration and Resolution Activities in Cell-Free and WRN2/2 extracts contained comparable levels of
Extracts from a Variety of Mammalian Tissues and Cell Lines ATP-dependent branch migration activity (Figure 2B).
(A) 32P-labeled Holliday junction DNA was incubated with extracts We therefore conclude that the novel branch migration
from rabbit organs, human (HeLa), or rodent (CHO) cell lines (3 activity described here is not due to the actions of the
mg), in the absence (2) or presence (1) of ATP (lanes g–r). Branch
XRCC2, XRCC3, BLM, or WRN proteins.migration and resolution products were analyzed by neutral PAGE.
Control reactions (lanes a–f), contained RuvA, RuvB, and RuvC
where indicated. Subcellular Localization of the Resolution Activity
(B) Analysis of extracts from recombination/repair–deficient cell Eukaryotic Holliday junction resolvases have been iden-
lines. Extracts (3 mg) from the indicated cell lines were prepared tified in S. cerevisiae (CCE1) and S. pombe (YDC2) (Sym-
and fractionated through phosphocellulose and phenyl sepharose
ington and Kolodner, 1985; Whitby and Dixon, 1997).as described, and analyzed for branch migration activity.
Both proteins, however, act in mitochondria (Kleff et al.,
1992; Doe et al., 2000). To determine the subcellular
localization of the mammalian resolvase, CHO cells weresence of ATP (Figure 2A, compare lanes i with j and o
fractionated into cytosolic, nuclear, and mitochondrialwith p). The stimulation was remarkably similar to that
fractions, and each fraction was analyzed for resolvaseobserved previously when E. coli RuvC resolvase was
activity in the presence and absence of a nonionic deter-found to be stimulated by RuvAB-mediated branch mi-
gent (Triton X-100). Resolvase activity was observed ingration (Zerbib et al., 1998; van Gool et al., 1999).
the cytosolic and nuclear fractions (Figure 3, lanes d–g),Recently, it was shown that the human BLM and WRN
but very little activity was associated with the mitochon-proteins could promote branch migration and, based on
drial fractions (lanes h–k).their phenotypic properties, it has been proposed that
they act as anti-recombinases involved in the mainte-
nance of stalled replication forks (Chakraverty and Hick- Separation of the Branch Migration and Resolution
Activities of the Resolvasomeson, 1999; Constantinou et al., 2000; Karow et al., 2000;
Rothstein et al., 2000). To eliminate the possibility that The branch migration/resolution activities isolated from
calf testis tissue by phosphocellulose and butyl sepha-the branch migration activity observed in fractionated
human extracts might be due to these proteins, which rose fractionation were further purified using heparin
and SP sepharose chromatography (Figure 4A). Al-are members of the RecQ helicase family (Chakraverty
and Hickson, 1999), we analyzed human BLM2/2 and though the two activities coeluted from the butyl sepha-
rose and heparin columns, at the final chromatographicWRN2/2 cell lines. Two hamster cell lines (irs1 and
irs1SF), which are deficient in the XRCC2 and XRCC3 step (SP sepharose), they were found to elute as two
distinct biochemical activities (Figure 4B). Their separa-genes, respectively (Cartwright et al., 1998; Liu et al.,
1998), were also analyzed since these genes are thought tion permitted subsequent analyses to be performed
with either the branch migration activity (SP Fraction 19)to encode ATPases that function in genetic recombina-
tion and DNA repair (Johnson et al., 1999; Pierce et al., or the resolvase fraction (SP Fraction 24). As might be
expected upon the separation of the resolvasome into1999). After crude fractionation (phosphocellulose and
ammonium sulfate), however, the low levels of branch its individual components, gel filtration analyses re-
vealed significant changes in molecular mass consistentmigration activity together with the presence of nonspe-
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Figure 4. Partial Purification of the Branch Migration and Resolution
Figure 5. Gel Filtration of the Branch Migration Activity at Early and
Activities
Late Stages of the Purification
(A) Purification scheme (see Experimental Procedures for details).
The molecular weight and elution volume (Ve) of various protein(B) Elution profile from the final SP sepharose column. Aliquots (1
standards are indicated: thyroglobulin (670 kDa), g-globulin (158
ml) of each fraction were incubated with 32P-labeled X26 in the pres-
kDa), ovalbumin (44 kDa), and myoglobin (17 kDa).
ence of ATP and the products were analyzed by neutral PAGE.
(A) Gel filtration of Fraction 19 from SP sepharose (SP-19).
Fractions from earlier stages and RuvABC controls are also shown.
(B) Gel filtration of Fraction I, purified only by phosphocellulose
adsorption and ammonium sulfate precipitation.
with the dissociation of a protein complex (Figure 5).
Indeed, when the most purified branch migration frac- lized by the presence of a heterologous block at the
tion (SP-19) was analyzed by gel filtration, we observed distal end of the linear duplex that prevented the com-
a peak of activity consistent with a protein exhibiting a pletion of strand exchange (Figure 6A). When treated
molecular mass of approximately 40–50 kDa (Figure 5A). with E. coli RuvAB, branch migration occurs through the
Unfortunately, all activity from the resolvase fraction 2765 bp region of homology leading to the dissociation
(SP-24) was lost during gel filtration, as observed pre- of the recombination intermediates (Eggleston et al.,
viously (Hyde et al., 1994). In contrast, gel filtration of 1997), and the release of 32P-labeled linear duplex and
the resolvasome activity present at early steps of the unlabeled gapped circular DNA (shown schematically
fractionation procedure (FI) revealed a higher molecular in Figure 6A, and experimentally in Figure 6B, lanes
mass than that observed with SP-19 (Figure 5B). These a and b). Similarly, treatment with RuvC gives rise to
results support the notion that the branch migration and 32P-labeled linear dimer DNA (by resolution in orientation
resolution activities may, at least at the earlier stages 2/4) or 32P-labeled nicked circular and gapped linear
of purification, associate to form high molecular weight products (by resolution in orientation 1/3; Figure 5A, and
complexes. Figure 6B, lane n).
When a structures were treated with fraction SP-19
in the presence of ATP, we observed their dissociationProcessing of Recombination Intermediates
The results obtained with synthetic Holliday junctions and the concomitant appearance of 32P-labeled linear
duplex DNA (Figure 6B, lane d). In the absence of SP-are consistent with the presence of branch migration
and resolution activities in fractionated mammalian ex- 19, only a small fraction of the recombination intermedi-
ates dissociated through spontaneous branch migrationtracts. We therefore confirmed these observations using
substrates that more fully represent reaction intermedi- (lanes b and c). Similarly, only low amounts of dissocia-
tion occurred when reactions containing SP-19 wereates in genetic recombination and double-strand break
repair. To do this, we used E. coli RecA protein– carried out in the presence of the nonhydrolyzable ATP
analogs ATPgS (lane e) or AMP-PNP (lane f). These co-promoted strand exchange reactions between gapped
circular and 39-32P-end-labeled linear duplex DNA to pre- factors could not substitute for ATP. A time course of
SP-19-driven branch migration is shown in Figure 6Bpare recombination intermediates (a structures) con-
taining Holliday junctions. The a structures were stabi- (lanes h–m). After 30 min at 378C, z50% of the a struc-
A Mammalian Branch Migration Activity
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Alternatively, their formation might reflect a lack of pro-
cessivity. Over the 90 min time course, however, we
found that most of the a structures were dissociated by
SP-19-promoted branch migration. These results show
that SP-19-mediated branch migration is capable of
driving the Holliday junctions through distances greater
than 2700 bp.
Incubation of the recombination intermediates with
fraction SP-24 gave rise to the products of Holliday
junction resolution, namely 32P-labeled linear dimer, lin-
ear monomer, and nicked circular DNA products (Figure
6B, lanes o–t). These result from the introduction of two
symmetrically related nicks in either of the two orienta-
tions 1/3 or 2/4 (Figure 6A), and are identical to the resolu-
tion products produced by RuvC (Figure 6B, lane n).
Interestingly, we were unable to observe stimulation
of SP-24-mediated Holliday junction resolution by SP-
19. As shown in Figure 6B (lanes u–z) the results ob-
tained after mixing the two fractions appeared to be the
sum of the SP-19 and SP-24 reactions, and there was
no evidence of the stimulatory effect seen earlier using
less pure fractions (Figure 2).
Concerted Branch Migration and Resolution
RuvC resolvase displays distinct cleavage preferences
during Holliday junction resolution, notably cleaving the
degenerate consensus 59-A/TTTG/C-39. For example, in
the absence of ATP, RuvABC cleaves the synthetic Holli-
day junction (59-32P labeled in strand 2) at two sites
within the 26 bp homologous core (Figure 6A, lane f;
Figure 6. Processing of Recombination Intermediates (a Structures) 59-TGT#C-39 and 59-ATT#G-39). Symmetrically related
by the Mammalian Branch Migration/Resolution Activities nicks were also introduced into the opposite strand 4
(A) Schematic diagram of the recombination intermediates and the (Figure 7A, lane i). Previously, concerted RuvABC-medi-
products of branch migration and resolution. Recombination inter- ated branch migration and resolution reactions were
mediates were made by RecA-mediated strand exchange between detected using a mixture of ATP and ATPgS which limits39-32P-end-labeled linear duplex DNA and gapped circular DNA
branch migration (van Gool et al., 1999). As shown in(gDNA), as described in Experimental Procedures. 32P labels are
Figure 7A (lanes g and j), under these reaction condi-indicated by asterisks. A region of heterology (1670 bp) at the distal
end of the linear duplex (shaded gray) blocks strand exchange and tions, nicking at the 59-ATT#G-39 site was stimulated and
stabilizes the recombination intermediates. Branch migration by new incisions, located two, five, and six nucleotides 39
RuvAB, or the mammalian branch migration activity, generates s struc- to this preferred cleavage site were observed (lane g).
tures as the junction reaches the gap and continues to dissociate These sites, indicated with asterisks, map outside ofthe recombination intermediates into 32P-labeled linear duplex and
the homologous core, and occur as a consequence ofunlabeled gDNA. Alternatively, resolution in orientation (1/3) leads
RuvABC-mediated concerted branch migration/reso-to the formation of 32P-labeled nicked circles and gapped linear
DNA, whereas resolution in orientation (2/4) produces 32P-labeled lution.
linear dimer molecules. To determine whether the mammalian resolvasome
(B) Branch migration/resolution reactions were performed as de- can also promote concerted cleavage, such that the
scribed in Experimental Procedures using 32P-labeled recombina- resolvase cleaves the junction as branch migration istion intermediates (0.1 nM) in reaction buffer containing 2 mM ATP.
driven outside the region of homology, similar experi-Where indicated, ATP was replaced by ATPgS or AMP-PNP. RuvA,
ments were carried out with a calf testis fraction purifiedRuvB, and RuvC proteins were used as controls. Aliquots of SP-19
(2 ml) and/or SP-24 (0.5 ml) were present as indicated. For the time by phosphocellulose adsorption, ammonium sulfate
course, aliquots were withdrawn at the indicated times. 32P-labeled precipitation, and phenyl sepharose fractionation. In the
DNA products were analyzed by electrophoresis through agarose absence of ATP (Figure 7B, lanes f and i), we observed
gels and detected by autoradiography. major sites of cleavage in strand 2 at the sequences
59-ATC#CAT-39 (within the homologous core) and 59-
TTG#TCT-39 (at the border between homology and heter-tures had been dissociated by branch migration (lane
j). In this reaction, a band corresponding to s structures ology). The corresponding sites in strand 4 were also
incised (Figure 7B, lane i), confirming that these nickswas also observed. These products are formed when
branch migration encounters the gap and one strand were due to Holliday junction resolution. Indeed, cleav-
age at these sites was not observed in duplex DNAof the linear duplex molecule remains associated with
the complementary single-stranded region (Figure 6A) (Figure 7B, lanes a and b). It must be pointed out, how-
ever, that the crude nature of the phenyl sepharose(West et al., 1982). It is possible that three-stranded
junctions may be bound by other proteins present in resolvasome fraction leads to some degradation of the
substrate due to the actions of nonspecific exo-fraction SP-19 such that branch migration is blocked.
Cell
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Figure 7. Concerted Branch Migration and Resolution by E. coli RuvABC or the Mammalian Resolvasome
(A) Reactions catalyzed by RuvABC. Junction X26, 59-32P-end labeled either in strand 2 (*2) or strand 4 (*4), or duplex DNA, was incubated
with RuvABC in the absence or presence of a mixture of ATP and ATPgS (2/1 NTP). Sequencing ladders (G 1 A, or C . T) of the labeled
strands are shown, as are the nucleotide sequences at the relevant cleavage sites. 59-32P-end labeled products were analyzed by denaturing
PAGE. Reactions to which no proteins were added are indicated (2).
(B) Coupled branch migration/resolution by the calf testis resolvasome (phenyl sepharose fraction), as analyzed in (A). In both (A) and (B),
novel cleavage sites resulting from coupled branch migration/resolution in the presence of ATP/ATPgS are indicated with asterisks (lanes g
and j).
nucleases (Figure 7B, lanes f and i). Remarkably, most Discussion
of this nonspecific degradation was inhibited by the
presence of the ATP/ATPgS mixture (Figure 7B, lanes g Although our understanding of the late stages of recom-
bination in prokaryotes is well advanced due to detailedand j). This result may indicate that nucleotide cofactors
may be required for the efficient assembly of the mam- genetic, biochemical, and crystallographic analyses of
the three proteins involved in the process (RuvABC), wemalian resolvasome, and that resolvasome assembly
protects the DNA substrate from nucleolytic degra- currently know very little about related processes in
eukaryotic organisms. Indeed, while Holliday junctiondation.
Under assay conditions that permit limited branch resolvases that act in recombination in bacteria (e.g.,
RuvC), bacteriophages (T4 endonuclease VII or T7 endo-migration by the mammalian resolvasome, we ob-
served that the nicking signals at 59-ATC#CAT-39 and nuclease I), yeast mitochondria (CCE1), archaea and
most recently, the vaccinia virus, have been studied in59-TTG#TCT-39 in strand 2 were abolished and new sites
of cleavage (indicated with asterisks) were observed one detail (West, 1997; Garcia et al., 2000; Lilley and White,
2000), the proteins that promote Holliday junction reso-(59-TGT#CTA-39) and nine nucleotides (59-ACG#TCA-39)
into the region of heterology (Figure 7B, lane g). As lution in the yeast nucleus or in mammalian cells have
proven to be surprisingly elusive. Similarly, branch mi-observed with the RuvABC resolvasome, the absence
of homology disrupted the symmetry of the cleavage gration enzymes (RuvAB and RecG) that play clearly
defined roles in recombination and DNA repair have untilreaction (Figure 7B, compare lanes g and j) and the
major site of cleavage by the mammalian resolvasome now only been isolated from prokaryotic cells (West,
1997; McGlynn and Lloyd, 2000). The identification ofin strand 4 now occurred at a site located 10 nucleotides
into the heterologous region. Cleavage within heterol- functional eukaryotic homologs will therefore provide a
major step forward that will open the door to studies ofogy, in response to the presence of the ATP/ATPgS
mixture, provides the characteristic signature of a cou- what are likely to be related mechanisms in eukaryotic
cells. In this work, we provide the first step toward thepled branch migration and resolution reaction.
These results show that the mammalian fraction iso- identification of such activities, by describing a branch
migration activity from mammalian tissues. Most impor-lated by phenyl sepharose chromatography promotes
a concerted branch migration/resolution reaction that tantly, we have shown that the mammalian branch mi-
gration activity is functionally coupled with Hollidayis similar in many respects to that catalyzed by the E.
coli RuvABC complex. junction resolution. The functional analogies to the E.
A Mammalian Branch Migration Activity
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coli RuvABC resolvasome are striking, and are based It is known that E. coli RuvC, and other resolvases
such as the yeast mitochondrial resolvase CCE1, exhibiton a variety of biochemical criteria determined using
well established Holliday junction processing assays. a well defined sequence specificity at the resolution step
(Shah et al., 1994; White and Lilley, 1996; Schofield et
al., 1998; Fogg et al., 1999). With the mammalian activity,Branch Migration
we also observed defined sites of cleavage within theThe branch migration activity detected in fractionated
homologous core of the synthetic Holliday junction, asmammalian extracts fits the RuvABC resolvasome para-
observed previously (Hyde et al., 1994). However, at thedigm for the following reasons: (1) the activity converts
present time our analysis of this aspect of the reactionsynthetic Holliday junctions into branch migration prod-
is too limited to define any clear consensus sequence.ucts; (2) since the junctions contain a homologous core
flanked by heterologous arm sequences, the formation
of splayed arm products reflects the activity’s ability to A Mammalian Holliday Junction “Resolvasome”
promote branch migration through DNA heterologies; One key aspect of the work described here is the appar-
(3) using plasmid-sized recombination intermediates, it ent association of the branch migration and resolution
was shown that branch migration requires ATP hydroly- activities during purification. Following the adsorption
sis and occurs over lengths greater than 2700 bp; and of soluble proteins from calf testis extracts onto phos-
(4) we find that copurifying Holliday junction resolvase phocellulose and ammonium sulfate precipitation, we
activity is both stimulated and modified by branch mi- observed that the two activities coeluted from a butyl
gration, suggestive of a coupled branch migration/reso- sepharose column. Moreover, the activities also cofrac-
lution reaction. tionated in the 400 mM salt elution step from a heparin
The branch migration activity was found in a variety agarose column. Only at the fifth step of the purification
of organisms (rabbit, calf, hamster, and human), tissues procedure, chromatography on SP sepharose, did the
(spleen, thymus, and testis) and cell types (fibroblasts two activities clearly dissociate from each other. Analy-
and lymphoblasts). Attempts to identify the gene(s) en- ses of the comparative molecular mass of the branch
coding the activity have so far proven negative, with migration activity at early and late stages of the purifica-
BLM2/2, WRN2/2, XRCC22/2, or XRCC32/2 cell lines exhib- tion scheme also revealed changes consistent with the
iting normal levels of activity. It is hoped that the future disruption of a large protein complex.
analyses of various DSBR-deficient cell lines may In previous studies with the RuvABC proteins, we car-
provide clues to the genetic nature of the activities ried out resolution reactions using synthetic Holliday
described here, since a similar approach was used suc- junctions in the presence of a mixture of ATP/ATPgS.
cessfully to identify the E. coli Holliday junction resol- These conditions limited the efficiency of branch migra-
vase as the product of the ruvC gene (Connolly et al., tion and thereby allowed us to demonstrate coupled
1991). branch migration and Holliday junction resolution. The
Two mammalian proteins, TIP49a (RUVBL1) and same approach, carried out with a mammalian fraction
TIP49b (RUVBL2), have been identified through se- containing branch migration and resolution activities,
quence homology as potential homologs of RuvB. These provided remarkably similar results, leading us to sug-
ATPases contain Walker A and B motifs similar to those gest that mammalian proteins promote coupled reac-
of RuvB (Qiu et al., 1998; Kanemaki et al., 1999; Makino tions in a manner that is highly analogous to that of their
et al., 1999), and are highly expressed in testis and thy- functional prokaryotic homologs. The studies presented
mus tissue. However, neither protein appears capable in this paper lead us to suggest that the essential fea-
of promoting branch migration in vitro, and indeed, both tures of Holliday junction processing, detailed in studies
have been identified as components of an ATP-depen- of the RuvABC proteins, have been conserved in higher
dent chromatin remodeling complex (Ikura et al., 2000; eukaryotes.
Shen et al., 2000). Any potential role for these proteins
in branch migration and recombination therefore re-
Experimental Procedures
mains to be elucidated.
Proteins
Resolution E. coli RecA, RuvA, RuvB, and RuvC were purified as described
(Eggleston et al., 1997). T4 polynucleotide kinase, terminal deoxy-The mammalian Holliday junction resolvase activity that
nucleotidyl transferase, and restriction enzymes were obtained fromassociates with the branch migration activity is the same
commercial suppliers. Protein concentrations are indicated in molesas that reported previously (Elborough and West, 1990;
of monomer.
Hyde et al., 1994). It bears all the hallmarks of a true
resolvase: (1) the activity is present in nuclear rather than
DNA Substratesmitochondrial fractions, (2) it resolves small synthetic
The synthetic Holliday junction X26 was made by annealing oligonu-
Holliday junctions into nicked duplex DNA products; (3) cleotide 1 (59-CCGCTACCAGTGATCACCAATGGATTGCTAGGACAT
cleavage occurs within the homologous core by the CTTTGCCCACCTGCAGGTTCACCC-39), 2 (59-TGGGTGAACCTGCA
GGTGGGCAAAGATGTCCTAGCAATCCATTGTCTATGACGTCAAintroduction of symmetrical cuts into two opposing DNA
GCT-39), 3 (59-GAGCTTGACGTCATAGACAATGGATTGCTAGGACAstrands; (4) the nuclease activity is specific for Holliday
TCTTTGCCGTCTTGTCAATATCGGC-39) and 4 (59-TGCCGATATTGAjunctions; and (5) the activity resolves recombination
CAAGACGGCAAAGATGTCCTAGCAATCCATTGGTGATCACTGGTAGintermediates made by RecA into linear duplex, or
CGG-39). Control duplex DNA was made by annealing oligonucleo-
nicked circular and gapped linear products. These DNA tide 2 with its complement. Annealing was carried out as described
products represent “splice” and “patch” recombinants (Elborough and West, 1990) using 59-32P-labeled oligonucleotide 2
or 4 with an excess of the other three oligonucleotides. The immobileand are the characteristic signature of a resolvase.
Cell
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junction XO is described elsewhere (Benson and West, 1994). Junc- (10 mM Tris-HCl [pH 8.0], 1 M KCl, 1 mM EDTA, and 2 mM DTT)
was added and the extract was centrifuged for 3 hr at 42,000 rpmtions and control duplexes were purified by gel electrophoresis.
Recombination intermediates (a structures) were prepared by in a Beckman SW50.1 rotor. The salt concentration of the superna-
tant was diluted to 0.2 M KCl for adsorption onto phosphocellulose.RecA-mediated strand exchange between gapped circular pDEA-
7Z and 39-32P-labeled PstI-linearized pAKE-4M DNA as described Proteins were step eluted using buffer A-0.4NaCl and subjected to a
25%–55% ammonium sulfate cut as described for tissue extracts.(Constantinou et al., 2000). All molar concentrations relate to mole-
cules of DNA. The protein pellet was resuspended in buffer A-1.0AS, dialyzed, and
fractionated using a phenyl sepharose column with a 10 column
volume gradient to A-0AS. Active fractions were stored at 2808C.Cell Lines
The hamster X-ray sensitive cell lines irs1 (XRCC22/2) and irs1SF
Subcellular Fractionation(XRCC32/2) were obtained from Penny Jeggo (University of Sussex,
Nuclei and mitochondria were isolated essentially as describedUK). The human lymphoblastoid cell line AG3829 (WRN2/2) and
(Rickwood et al., 1987). In brief, CHO cells were washed in ice-coldGM08505 fibroblasts (BLM2/2) were purchased from NIGMS, Human
PBS, left on ice for 25 min in hypotonic buffer (10 mM Tris-HCl [pHGenetic Mutant Cell Repository (Camden, NJ). Fibroblasts were
7.5], 10 mM NaCl, 1.5 mM CaCl2, and 1 mM DTT) and lysed bygrown in DMEM medium supplemented with 10% fetal calf serum.
douncing using an “A” pestle (40 strokes) in the presence of proteaseAG3829 was maintained in RPMI1640 medium containing 30% fetal
inhibitors. The lysate was then supplemented with 0.35 M sucrosecalf serum.
and 1 mM EDTA, and nuclei were collected by low-speed centrifuga-
tion (5 min at 1000 3 g) and washed with buffer (10 mM Tris-HCl
Cell Extract Fractionation
[pH 7.5], 10 mM NaCl, 1.5 mM CaCl2, 1 mM DTT, 1 mM EDTA, andCalf testes were fast frozen in liquid nitrogen and stored at 2808C.
0.35 M sucrose).
Typically, 0.5 kg of tissue was diced and homogenized in one liter
To obtain a crude pellet of mitochondria, the supernatant was
of extraction buffer (50 mM Na2HPO4/NaH2PO4 [pH 6.8], 200 mM centrifuged for 20 min at 10,000 3 g. The mitochondria were further
NaCl, 1 mM EDTA, and 1 mM DTT) supplemented with protease
purified by isopycnic centrifugation on a 1–2 M sucrose gradient
inhibitors (1 mM phenylmethylsulfonyl fluoride, 1.5 mg/ml aprotinin,
(containing 50 mM Tris-HCl [pH 7.5], 1 mM EDTA, and protease
and 1mg/ml each of leupeptin, pepstatin A, chymostatin, and Na-
inhibitors) for 90 min at 80,000 3 g. The integrity of the mitochondria
p-tosyl-L-lysine chloromethyl-ketone). The homogenate was stirred
was confirmed by electron microscopy. Moreover, mitochondrial
on ice for one hour and cellular debris were removed by centrifuga-
preparations were assayed for the presence of citrate synthase
tion for 30 min at 8000 rpm in a Sorvall GSA rotor. The supernatant
(Robinson et al., 1987). This activity was detected only in the pres-
was batch adsorbed to 250 cm3 phosphocellulose (Whatman P11;
ence of Triton X-100, verifying that the mitochondria were intact.
z25g dry weight) preequilibrated with extraction buffer. After exten-
sive washing, branch migration and resolution activities were eluted
Branch Migration and Resolution Assayswith one matrix volume of extraction buffer containing 0.4 M NaCl.
Reactions (20 ml) contained 32P-labeled synthetic Holliday junction25% (w/v) solid ammonium sulfate (134 g/l) was added to the eluate
DNA (X26 or XO; 1.5 nM) and protein fraction (usually 2 ml) in phos-and dissolved by gentle stirring on ice for 30 min. Insoluble materials
phate buffer (60 mM Na2HPO4/NaH2PO4 [pH 7.4], 5 mM Mg(OAc)2, 1were removed by low speed centrifugation (30 min at 8000 rpm).
mM DTT, and 100 mg/ml BSA) supplemented with 2 mM ATP whenThe ammonium sulfate concentration was then raised to 55% (an
indicated. After 30 min incubation at 378C, the DNA was depro-additional 179 g/l) and proteins were precipitated during 30 min
teinized by incubation with 2 mg/ml proteinase K and 0.4% SDS forstirring on ice. The pellet (fraction I) that contained resolvasome
10 min at 378C. Labeled DNAs were then analyzed by 10% neutralactivity was recovered by low speed centrifugation and resus-
PAGE or denaturing PAGE.pended in 50 ml buffer A (50 mM Na2HPO4/NaH2PO4 [pH 6.8], 10%
Reactions (20 ml) containing 39-32P-end-labeled recombination in-glycerol, 1 mM EDTA, and 1 mM DTT) containing 1 M (NH4)2SO4
termediates (z0.1 nM) were carried out in phosphate buffer con-(1.0AS). Typically, 125 mg of protein was recovered from 500 g of
taining 2.5 mM Mg(OAc)2. After 90 min at 378C, the DNA productstestis tissues. The protein suspension was then dialyzed for 4 hr
were deproteinized and separated by electrophoresis through 1%against buffer A-1.0AS to completely dissolve the protein pellet. Frac-
agarose gels in TAE buffer containing 0.5 mg/ml ethidium bromidetion I was applied to a 20 cm3 butyl sepharose 4 fast flow column and
(Eggleston et al., 1997).washed stepwise with buffer A-1.0AS, A-0.5AS, and A-0.35AS. Active
Control reactions with the E. coli RuvABC proteins were carriedfractions (5 ml) were then eluted in buffer A-0AS and pooled (fraction
out in 20 mM Tris-acetate (pH 7.5), 15 mM Mg(OAc)2, 2 mM ATP, 1II; 13 mg of protein in 30 ml). Fraction II was loaded directly onto a
mM DTT, and 100 mg/ml BSA as described (van Gool et al., 1999).5 cm3 heparin high trap column preequilibrated with buffer A con-
RuvC reactions were carried out with 100 nM RuvC, RuvAB reactionstaining 0.1 M NaCl. The column was washed stepwise with buffer
with 20 nM RuvA and 600 nM RuvB, and RuvABC reactions with 20A-0.1NaCl and A-0.2NaCl. Branch migration and resolution activities
nM RuvA, 600 nM RuvB, and 10 nM RuvC.were recovered in 2.5 ml fractions with buffer A-0.4NaCl. Pooled frac-
tions were diluted with buffer A to 0.15 M NaCl (fraction III, 1.9 mg
Mapping of Resolution Sitesof protein in 30 ml). Fraction III was further purified using a 1 cm3
To generate fractions capable of coupled branch migration/resolu-SP sepharose high trap column. This was washed with 5 column
tion (as shown in Figure 7) fraction I was applied to a 1 cm3 phenylvolumes of buffer A-0.1NaCl and activities were eluted with a 20 ml
sepharose high trap column preequilibrated in buffer A-1.0AS andgradient to A-1.0NaCl. Fractions (0.5 ml) containing branch migration
eluted with a 10 ml gradient to A-0AS. Resolution reactions containingor resolution activity were frozen in dry ice and stored at 2808C.
X26 (32P-end labeled in strand 2 or 4) were carried out as describedFor gel filtration studies, samples (25 ml) of each fraction were
above except that ATP was replaced with an ATP/ATPgS mixtureapplied to a superdex 200 PC 3.2/30 SMART column equilibrated
(1.5 mM and 0.5 mM, respectively), and the reactions containedin buffer A-0.4NaCl. The column was run at 25 ml/min and 100 ml
competitor DNA (z10 nM unlabeled oligonucleotide 2 with its com-fractions were collected.
plement) to reduce exonuclease activity. DNA products were phenolRabbit organs were taken post mortem from immunized rabbits
extracted and ethanol precipitated before loading onto 8% denatur-used for antibody production. Approximately 5 g of liver, spleen,
ing gels containing 7 M urea. Sites of cleavage were determined bythymus, and testis tissue were homogenized, adsorbed onto phos-
comparison with sequencing ladders as described (van Gool et al.,phocellulose, eluted and precipitated with ammonium sulfate essen-
1999).tially as described above.
Cells grown in culture were washed three times in ice-cold PBS
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